Homeoproteins are defined by the structure of their DNA-binding domain, the homeodomain. Intercellular transfer of homeoprotein was observed ex vivo between animal cells and in vivo in higher plants. In the latter case, transfer is through intercytoplasmic channels that connect plant cells, but these do not exist in animals. Here, we show that the homeodomain of KNOTTED1, a maize homeoprotein, is transferred between animal cells and that a mutation in the homeodomain blocking the intercellular transfer of KNOTTED1 in plants also inhibits the transfer of the KNOTTED1 homeodomain in animal cells. This mutation decreases nuclear addressing, and its effect on nuclear import and intercellular transfer is reverted by the addition of an ectopic nuclear localization signal. We propose that, despite evolutionary distance and the differences in multicellular organization, similar mechanisms are at work for intercellular transfer of homeoprotein in plants and animals. Furthermore, our results suggest that, at least in animals, homeodomain secretion requires passage through the nucleus.
INTRODUCTION
For transcription factors, intercellular transfer is an unexpected property. However, homeoproteins, despite their nuclear localization, hydrophilic behaviour and the lack of a classical secretion signal sequence, are transferred between animal cells ex vivo (Joliot et al, 1998) . Even though in vivo passage has not been studied directly, two endogenous homeoproteins (Engrailed-1 and Engrailed-2) have been found in a secretory compartment in vivo (Joliot et al, 1997) . These observations form the basis of the 'messenger proteins' hypothesis (Prochiantz & Joliot, 2003) , which stipulates a signalling function for homeoproteins. Intercellular transfer of animal homeoprotein involves two distinct internalization and secretion sequences (Derossi et al, 1996; Joliot et al, 1998) , both of which are present in the homeodomain. Furthermore, homeoprotein secretion is regulated through protein phosphorylation, as shown for chick Engrailed-2 homeoprotein (cEn2; Maizel et al, 2002) .
The possibility of in vivo intercellular transfer of endogenous maize homeoprotein KNOTTED1 (KN1) between the mesophyll and epiderm is raised by the fact that KN1 protein, but not its messenger RNA, is detected in the epidermis (Jackson et al, 1994) . The intercellular transfer of KN1 is further supported by its noncell-autonomous activity (Sinha & Hake, 1990 ) and can be directly visualized after microinjection (Lucas et al, 1995) or tissue-specific expression of a green fluorescent protein (GFP)-KN1 fusion protein (Kim et al, 2002) . A general view is that KN1 transport uses symplasmic transfer through plasmodesmata, which are plant-specific intercytoplasmic channels that allow the passage of macromolecules between cells. Consequently, symplasmic transfer does not necessarily involve passage across a biological membrane. In plant and animal cells, homeoprotein transfer results in the accumulation of the intact protein in non-vesicular compartments in the recipient cells. We asked whether intercellular transfers of homeoprotein observed in the two phyla, with radically different multicellular organizations, could have some similarities.
RESULTS

Animal cell transfer of maize KN1 homeodomain
We have focused our study on the homeodomain because it contains all the information necessary for intercellular transfer between animal cells (Joliot et al, 1998) and between plant cells (Kim et al, 2005) . In addition, regulation of intercellular transfer of homeoprotein by extra-homeodomain sequences (Maizel et al, 2002) could interfere with the primary goal of this study. The homeodomain of KN1 (KNHD) belongs to the TALE homeodomain subclass (three-amino-acid loop extension) and is significantly different from the Engrailed homeodomain (ENHD; Fig 1A) . Its behaviour was analysed in the animal model developed for the study of the intercellular transfer of ENHD (Joliot et al, 1998) . A transfected HeLa fibroblast cell line that expresses the protein of interest was co-cultured with primary embryonic neurons, and the transfer was tested by accumulation of the protein in the neurons visualized with a Tau neuronal marker antibody. After 36 h, KNHD expressed in HeLa cells was transferred efficiently into co-cultured neurons (Fig 1B) . A higher magnification of the neurons confirmed the intracellular localization of KNHD (Fig 1C) . Therefore, despite the phylogenetic distance between plants and animals, KNHD shows intercellular transfer between animal cells.
To verify that KNHD and animal homeoproteins use similar intercellular transfer pathways in animal cells, the effect of mutations that interfere with animal homeoprotein transfer was tested on KNHD. The tryptophan residue at position 48 of the homeodomain is crucial for the non-endocytic internalization of animal homeodomains (Joliot et al, 1991b; Le Roux et al, 1993; Derossi et al, 1994) , and consequently for its intercellular transfer (Joliot et al, 1998) . Indeed, the W-E mutation of the corresponding residue in KNHD (KNE51HD) abolished the transfer of the mutant homeodomain ( Fig 1D) . We then analysed the transfer of KNHD fused to the serine-rich domain (SRD) of Engrailed homeoprotein, a domain known to inhibit animal homeoprotein secretion through its phosphorylation (Maizel et al, 2002) . The chimeric protein KNHD:SRD became phosphorylated ( Fig 1E) and its transfer was markedly reduced (Fig 1F) . We reasoned that if KNHD and Engrailed homeoprotein use the same transfer pathway, they should compete with each other for this process. As anticipated, when KNHD was coexpressed with a fourfold excess of ENHD (plasmid ratio), its transfer was strongly impaired (Fig 1G) .
Effect of the M6 mutation in the animal model
If the transfer of KNHD observed in animals cells and plants involves related mechanisms, then mutations affecting this process should be active in both phyla. The M6 mutation (265KKK267-AAA) in the amino-terminal part of KNHD is the only mutation that strongly inhibits the intercellular transfer of KN1 in planta, in both microinjection (Lucas et al, 1995) and in vivo expression protocols (Kim et al, 2002) . The behaviour of KNHD bearing the M6 mutation (KNM6HD) was tested in an animal co-culture assay. Unlike wild-type KNHD (Fig 2A) , KNM6HD was never detected in co-cultured neurons (Fig 2B) , even though the two proteins were equally expressed (Fig 2G) . Therefore, the same mutation that blocks intercellular transfer in planta also blocks ex vivo intercellular transfer between animal cells.
The intercellular transfer of homeoprotein requires secretion and internalization. To determine which step is affected by the M6 mutation, we directly compared the internalization of KNHD and Fig 2H) , and their internalization was monitored on live embryonic neurons by confocal microscopy. After a 1 h incubation, both proteins had efficiently accumulated in live neurons (Fig 2C,D) , showing intense and comparable staining of the cell bodies. This shows that the blockade of KNHD transfer by the M6 mutations is at the level of secretion. It was recently shown that, as opposed to KN or Shootmeristemless (STM) homeodomain, some plant homeodomains, including the Bellringer (BLR) homeodomain, are not transferred in planta (Kim et al, 2005) . The behaviour of the STM and BLR homeodomains was thus tested in the animal model. The transfer of STMHD was similar to that of KNHD (Fig 2E) but BLRHD was unable to transfer ( Fig 2F) . This reinforces the idea that homeodomain transfer in plants and in animals has a similar mechanism.
Role of the nucleus in homeodomain secretion
We observed that the M6 mutation strongly impairs nuclear accumulation of KNM6HD (Fig 3A,B) . In fact, the M6 mutation removes a length of three lysine residues that may be part of a nuclear localization signal (NLS). We asked whether this effect could be linked to the absence of secretion of KNM6HD. After fusion of a canonical NLS (simian virus 40 (SV40) NLS) to the carboxyl terminus, the nuclear localization of the mutated homeodomain (KNM6HD:NLS) was fully restored (Fig 3C) . Concomitantly, its transfer was also restored (Fig 3D) , suggesting an unexpected link between secretion and passage through the nucleus. We then asked whether vesicular association of the homeodomains, a step preceding homeoprotein secretion (Joliot et al, 1998) , was affected by the M6 mutation. As illustrated in Fig 3E , vesicular association of KNM6HD was strongly decreased compared with that of KNHD, although the proteins were expressed at similar levels, and was restored on NLS fusion to KNM6HD.
DISCUSSION
The homeodomain of a plant homeoprotein is transferred efficiently between animal cells, in the absence of plasmodesmata. From competition and mutation experiments, it seems that cEN2 and KNHD use similar transfer mechanisms. This similarity was observed for internalization and secretion, as illustrated by the behaviour of KNHDE51 and KNHD:SRD. The conservation of intercellular transfer properties of the homeodomain could be indirect, simply reflecting strong evolutionary constraints associated with DNA-binding properties of the homeodomain. However, DNA-binding activity is not required for homeodomain transfer, at least for the internalization step (Le Roux et al, 1993) . An alternative hypothesis is that the mechanisms of intercellular transfer have common properties in the two phyla. This idea is supported by the inhibitory effect of the same mutation on intercellular transfer of plant and animal homeoprotein and the similar behaviour of three plant homeodomains. Intercellular The inhibition of intercellular transfer of KNM6HD correlates with the increased cytoplasmic localization of the protein, and nuclear presence and secretion are restored on addition of a canonical NLS. This result is in agreement with our previous studies, showing that some homeoproteins shuttle between the nucleus and the cytoplasm and that a secretion-deficient mutant of cEN2 is also deficient for nuclear export (Joliot et al, 1998; Maizel et al, 1999) . In addition, deletion of the KNHD NLS fully inhibits the transfer of the homeodomain in plants (Kim et al, 2005) . The increased accumulation of KNM6HD:NLS in vesicular compartments, compared with KNM6HD, strongly suggests that vesicular addressing requires passage through the nucleus. Such an unexpected role of the nucleus has been described for the scaffold protein Ste5 in yeast. Indeed, Ste5 plasma membrane addressing depends on its nuclear accumulation (Mahanty et al, 1999) . A positive correlation between nuclear accumulation and unconventional secretion has been reported in several cases (reviewed by Prochiantz & Joliot, 2003) . For, instance, the phorbol ester phorbol 12-myristate 13-acetate promotes both thioredoxin secretion (Sahaf & Rosen, 2000) and nuclear localization (Hirota et al, 1997) . Similarly, N-terminal deletion abolishes galectin-3 secretion and nuclear accumulation (Gong et al, 1999) . A possible explanation is that its passage through the nucleus renders the protein competent for secretion through post-translational modification and/or association with an unknown chaperone. In monocytes, hyperacetylation of the chromatin protein HMGB1 after stimulation promotes the nuclear export of the protein, followed by its secretion by acidic lysosomes (Bonaldi et al, 2003) .
Speculation
The fact that plasmodesmata are essential components of intercellular communication in higher plants is not incompatible with the coexistence of various transfer modalities across these structures. A good example of this heterogeneity is the existence of conditions in which the transfer of small molecules (10 kDa FITC-dextran) or proteins (GFP, LEAFY) is inhibited, whereas other proteins, including KN1, are still transferred (Lucas et al, 1995; Kragler et al, 2000; Kim et al, 2002; Lee et al, 2003) . The diffusion barrier created by the cell wall in plants may have led ancestral modes of intercellular communication to converge towards plasmodesmata, at the topological level. It is interesting that, similarly to KN1, members of the hsc70 and the thioredoxin families transfer through plasmodesmata (Ishiwatari et al, 1998; Aoki et al, 2002) and are secreted by animal cells (Rubartelli et al, 1992; Guzhova et al, 2001; Broquet et al, 2003) , and even by bacteria in the case of thioredoxin (Bumann et al, 2002) , despite their lack of a classical secretion signal sequence.
METHODS
Plasmids. The homeodomain encoding sequence of the maize Knotted-1 gene (amino acids 263-326) was amplified by PCR and inserted into a PSG5 derivative plasmid, in-frame with an 
